Water-dispersible Fe-Au alloy nanoparticles (FA_NPs) for hyperthermia application were synthesized and characterized in this study. From transmission electron microscopy examination, the mean diameter of the FA_NPs was calculated to be 3.9 ± 1.3 nm. The X-ray powder diffraction pattern of prepared FA_NPs shows 2θ peak positions corresponding to pure iron and gold. X-ray fluorescence analysis results show that the FA_NPs were composed of 36.8 wt% iron and 63.2 wt% gold, corresponding to a molecular ratio of iron to gold of 2. Electron spectroscopy for chemical analysis was used to study the binding energies of the atoms. To examine the magnetic properties, superconducting quantum interference device tests were conducted, and field-cooled and zero-field-cooled curves were obtained. The results reveal that the FA_NPs were superparamagnetic at room temperature with a saturation magnetization of 3.5 emu/g. The zeta potential was measured to be -29.8 mV for FA_NPs suspended in deionized water, which indicates good suspension. The in vitro cytotoxicity of the FA_NPs was evaluated using L929 and Hep-G2 cell lines through the WST-8 assay. No significant cytotoxic response was observed for either cell line for concentrations below 10 mg/mL after 24 h of cultivation. Hyperthermia evaluations were carried out with a 1.1-MHz high-frequency induction wave (HFIW) exposure. Each FA_NP was calculated to provide 1.33 × 10 -16 J of heat. The viability of the Hep-G2 cell decreased under hyperthermia treatment. The FA_NPs prepared in this study have potential for hyperthermia application.
Introduction
Metallic nanoparticles have been extensively studied and widely applied in the catalytic, optical, magnetic, and biomedical research fields [1] [2] [3] [4] . Alloy nanoparticles, composed of more than one kind of metal, have the benefit of integrated specialties [5, 6] . Their composition, size, and structure can be adjusted to tailor their properties. Metallic alloy nanoparticles are more complicated and have more extensive applications compared with single-component metallic nanoparticles.
Research groups have used diverse production techniques to synthesize Fe-Au nanoparticles (FA_NPs) [7] . A large portion of these studies focus on Fe-Au core-shell structures, because the gold shell provides protection against oxidation and helps to maintain long-term stability of the particles [7] . However, the core-shell particles have their own challenges. First, the gold shell forms a poor diffusion barrier because of the high density of the grain boundaries at the gold surface. Second, it is somewhat difficult to control the uniformity and thickness of the gold shell [8] . FA_NPs can minimize these disadvantages.
Cancer has been a major cause of death for decades. It is urgent and challenging to develop treatment strategies to resist the malignant neoplasm. One potential strategy is hyperthermia treatment [9, 10] . The mechanism of hyperthermia for cancer treatment is to elevate the temperature in situ, which leads to cellular heat stroke and death. Malignant neoplasm cells have a worse heat stroke protection system than that of normal cells, and thus a localized temperature elevation, usually to 41 °C, will kill the former and not the latter [11] . Hyperthermia treatment can also be combined with a drug delivery system for the controlled release of drugs and targeted therapy [10] . Magnetic materials can be utilized for hyperthermia treatment. When an alternating magnetic field is applied, the induced eddy current energy loss is converted to heat [12] . Sufficiently small magnetic nanoparticles can be considered as a single magnetic moment and are superparamagnetic [13] . Nanoparticles composed of pure Fe and Fe 3 O 4 and core-shell Fe 3 O 4 @Au and Fe@Au have been reported and applied to hyperthermia [14] [15] [16] . However, pure Fe nanoparticles have a reactive surface. Fe 3 O 4 nanoparticles, as a ceramic, form larger clusters than those formed by metallic nanoparticles. The present study firstly prepares FA_NPs and applies them to hyperthermia treatment. Detailed characterizations and in vitro studies were carried out.
Materials and methods

Preparation of FA_NPs
Iron sulfate heptahydrate (FeSO 4 ·7H 2 O, Aldrich), hydrogen tetrachloroaurate (99.9%, Aldrich), toluene (Showa), didecyldimethylammonium bromide (di-n-dodecyl, DDAB, Aldrich), and sodium borohydride (Aldrich) were used as the iron source, gold source, solvent, protecting agent, and reducing agent, respectively. A pyrolysis method was utilized to prepare the FA_NPs in N 2 flow [17] .
In a typical synthesis, to expel the residual oxygen, all the solvents were well passed over the nitrogen. In a three-necked flask, 0.352 g of dimethylammonium bromide was dissolved in 20 mL of toluene and heated to 110 °C under stirring for 15 min. Freshly prepared iron sulfate heptahydrate solution, 0.0556 g in 0.5 mL of DI water, was then rapidly injected. The solution immediately became turbid. After 2 min, 1.5 mL of 2 M sodium borohydride solution was added. The solution turned to ash color with black colloids floating all around the solution. After 20 min, 1.5 mL of a solution containing gold chloride was injected into the solution. The gold chloride solution contained 0.034 g of gold (III) chloride trihydrate and 0.5346 g of 3-mercapto-1-propansulphonicacid sodium salt. When the color of the solution turned red, 1.5 mL of 2 M sodium borohydride solution was again added in order to reduce the gold chloride to gold. The color of the solution turned purple and then slowly the purple color faded. The final solution had a very faint reddish color. The solution was then stirred for 30 min. Finally, 0.5 mL of 2 M aqueous sodium borohydride was added to the solution. The entire solution was kept at 84 °C for 3 h. For the purification of FA_NPs, the crude mixture was mixed with ethanol and centrifuged for 15 min at 7000 rpm. In the first step, the precipitate was washed with ethanol and chloroform several times. The dark greenish solid sample was collected and dried under vacuum for 10 h. The dried sample was then placed in a magnetic field for magnetic separation. Only the magnetically inductive portion was collected for subsequent characterizations. The nanoparticles were easily dispersed in water. The approximate yield of the reactions was 30% by weight.
Material characterizations
Transmission electron microscopy (TEM, JEM-1230, JEOL, Japan) was used to observe the geometries of the FA_NPs. Crystalline phases of the FA_NPs were investigated using X-ray powder diffraction (XRD) (Shimadzu XRD-6000, Japan) with CuKα radiation (λ = 1.5406 nm). An X-ray fluorescence (XRF, SEA6000VX, Techmax, Taiwan) spectrometer was utilized to analyze the atomic composition of the FA_NPs. Electron spectroscopy for chemical analysis (ESCA, ESCALAB 250, VG Scientific, United Kingdom) was used to investigate the binding energies of the atoms. In order to investigate the magnetic properties of the FA_NPs, superconducting quantum interference device (SQUID, MPMS7, Quantum Design, United States of America) tests were conducted. For field-cooled (FC) and zero-field-cooled (ZFC) tests, the applied external magnetic field was -100 to 100 Oe at temperatures of 5 to 350 K. For the test of magnetization against the magnetic field (M-H), a magnetic field of -20 to 20 kOe was used at 300 K. The zeta potential of the FA_NPs was measured using dynamic light scattering (DLS, Nano-ZS90, Malvern, United Kingdom). A temperature elevation test was carried out to examine the efficiency of hyperthermia treatment. 1.1-MHz high-frequency induction wave (HFIW) exposure through highfrequency induction heating units (Power Cube 32, CEIA, Italy) was applied to 10, 20, 30, 40, and 50 mg/mL FA_NP solutions, and the temperature was in situ monitored by an optical fiber thermometer.
In Vitro cytotoxicity assay and hyperthermia treatment
Mouse L929 fibroblast cells and Hep-G2 human hepatoma cells were cultured for in vitro studies. 10 4 cells were seeded in one well of 96-well plates for 24 h. Before tests, the purified FA_NPs were sterilized by exposing them under ultraviolet light for 4 h, and then added into the cell culture medium (Dulbecco's Modified Eagle's Medium (DMEM, Gibco), 10% fetal bovine serum (FBS, Invitrogen), 0.37% w/v NaHCO 3 , 100 U/mL penicillin, 100 μg/mL streptomycin, and 0.03% w/v glutamic acid). The test concentrations were 100, 200, 300, 400, 500 µg/mL, and 10 mg/mL. After 24 h of cultivation, the medium was removed and 10 μL of WST-8 solution was added for 4 h of incubation. At a 450-nm wavelength, an enzymelinked immunosorbent assay (ELISA) reader (Infinite M200, TECAN, Switzerland) was used to measure the absorbance to determine cellular viability. A blank medium without FA_NPs was used as the control group. Hyperthermia evaluations were carried out with 1.1-MHz HFIW exposure for 20 min.
Results and discussion
In the synthesis of FA_NPs, the precursors were injected into the hot reaction unit containing coordinating ligands. The addition of the reducing agent, sodium borohydride, was carried out in several steps, which led to the formation of alloy nanoparticles. Figure 1(a) shows TEM and high-resolution micrographs of the FA_NPs. The strucuture corresponded to reported data [8] . ImageJ software (National Institutes of Health) was used to analyze the particle size. Figure 1(b) shows the size distribution of the FA_NPs. The average size was calculated to be 3.9 ± 1.3 nm. The volume of a particle was estimated to be 21.1 nm 3 . Using the atomic diameters of gold (0.174 nm) and iron (0.156 nm) and an Au/Fe ratio of 0.5, an FA_NP was estimated to be composed of 1190 gold atoms and 595 iron atoms with a particle weight of 3.03 × 10 -19 g. Figure 2 shows the XRD pattern of the FA_NPs. The 2θpeaks at 38.67°, 44.81°, and 64.4° corresponded to the (111) (200), and (220) planes of face-centered cubic gold, respectively, and those at 43.9° and 64.8° correspond to the (110) and (200) planes of body-centered cubic iron [8] . Figure 3 shows the profile of XRF analysis. Characteristic peaks of gold and iron can be seen. From XRF analysis, the iron and gold content of an FA_NP was calculated to be 36.8 wt% and 63.2 wt%, respectively, corresponding to a molecular ratio of iron to gold of around 2. The characteristic peak of bromide, indicated by the red frame, was due to the retention of the protecting agent, dimethylammonium bromide. Figure 4 shows the narrow-scan spectra of Fe, Au, and O obtained using ESCA. The Fe profile has two peaks of the characteristic binding energy of iron, at 716.4 and 730.6 eV; the Au profile has two characteristic peaks, at 89.3 and 92.3 eV; the O profile has a characteristic peak at 536 eV. The binding energies of the FA_NPs slightly deviate from those for pure iron, oxygen, and gold, which was caused by Fe-Au bonding and the oxidation of iron [18] . FC/ZFC and M-H curves of the FA_NPs obtained using SQUID tests are shown in Figs. 5 and 6, respectively. In the FC/ZFC curves, the blocking temperature is 300 K. Because the blocking temperature is below room temperature, the FA_NPs are expected to be superparamagnetic at room temperature. To further determine the corresponding magnetic parameter, the field dependence of the magnetization at 300 K was measured. The saturation magnetization of the FA_NPs was measured to be 3.5 emu/g. As shown in Fig. 6 , no hysteresis occurred, which is attributable to the FA_NPs being superparamagnetic. These results are consistent with the FC/ ZFC curves. Figure 7 shows the profile of zeta potential measurement. The zeta potential was measured to be -29.8 mV for FA_NPs suspended in DI water. The results reveal that the FA_NPs were extremely hydrophilic, and the repulsion force engendered by the surface charges would stabilize the suspension. Water affinity is a very important characteristic in biomedical applications. Compared to Fe@Au core-shell nanoparticles, the atomic composition of FA_NPs can be well controlled, because it is difficult to control of thickness of gold shell. The size of Fe@Au nanoparticles is also difficult to minimize due to the core-shell structure [7] . Figure 9 shows the results of the WST-8 assay. For both cell lines, no significant cytotoxic response was observed at concentrations below 500 µg/mL after 24 h of culture. The viabilities of the cells were all above 80% compared with that of the control. A concentration of as high as 10 mg/mL was tested, with no obvious cytotoxicity observed. However, this concentration is difficult to achieve in real clinical application. Furthermore, as shown in Fig. 10 concentration-dependent tendency was observed. The result of the control group (blank with HFIW exposure) was identical to that of the FA_NP-treated group. The HFIW exposure did not affect the cellular viability of the blank group. For the group treated with 200 µg/mL FA_NPs after 20 min of HFIW exposure, the retention viability of the Hep-G2 cells was only 37%. It has been reported that the uptake of magnetic nanomaterials by a cell leads to localized hyperthermia treatment through cellular condensation [15] . The results indicate that FA_NPs have potential for hyperthermia applications. With appropriate modifications, the FA_NPs also have potential for cancer cell targeting, drug delivery, and controlled release applications.
Conclusion
FA_NPs with good hydrophilic ability were prepared without further surface modification. The Au/Fe ratio was 0.5 and the average particle size was 3.9 ± 1.3 nm. The nanoparticles were superparamagnetic at room temperature. The FA_NPs were well suspended in DI water due to their -29.8 mV zeta potential. With HFIW exposure for 20 min, each FA_NP produced 1.33 × 10 -16 J of heat. Cytotoxicity test results show that the FA_NPs have good biocompatibility; however, they are lethal to cells under HFIW exposure. The FA_NPs prepared in this study have potential for hyperthermia applications and may further be applied in drug delivery and controlled release applications.
